The Influence of the geometry of asymmetric electrode arrays on the alternating current (AC) electro-osmosis flow in
INTRODUCTION
The ability to perform micropumping is important in microfluidic devices (Manz et al., 1990; Hong et al., 2011) . Conventional mechanical pumping is hardly suitable for microfluidic devices with further downscaling. As an alternative, electro-osmosis (EO) micropumping has become promising in flow control in microfluidic systems. As a nonmechanical pumping technique, EO micropumps without moving parts are simple to fabricate, unsusceptible to particulate contamination, and compatible with microchannel integration (Islam and Reyna, 2012) . Two major categories of EO micropumping, i.e., direct current (DC) EO (DCEO) micropumping and alternating current (AC) EO (ACEO) micropumping, have been utilized in flow control in microfluidic systems. Classical DCEO requires a relatively high voltage, which results in adverse effects such as joule heating and bubble generation (Chen and Santiago, 2002; Islam and Jie, 2008) . Therefore, ACEO micropumping, operating at low voltage, has attracted studies in recent years. Induced by the migration of electric double layers formed at powered electrode arrays, a net flow noted as ACEO flow is generated in the microchannel through viscous drag. The electrode degradation and bubble generation due to electrolysis can be efficiently reduced or eliminated with low operating voltage. Moreover, the AECO flow is easily controlled through electrode actuation. Ramos et al. (1998 Ramos et al. ( , 1999 first observed AECO flow induced over pairs of microelectrodes. Ajdari (2000) suggested that AECO flow can be induced by asymmetry in the electric field with planar electrodes. Brown et al. (2000) experimentally demonstrated the generation of AECO flow by using asymmetric electrodes. During the past two decades, numerous experimental and theoretical research studies have been conducted on ACEO flow induced by asymmetric electrodes (Ajdari, 2000; Brown et al., 2000; Wu, 2008) or three-dimensional stepped electrodes (Urbanski et al., 2006) with AC voltage and by symmetric electrodes with traveling wave voltage (Cahill et al., 2004 (Cahill et al., , 2005 Ramos et al., 2005 Ramos et al., , 2007 or AC voltage with a DC bias (Islam and Reyna, 2012) . Corresponding theoretical models were also developed, such as the Poisson-Boltzmann model (Khan and Reppert, 2005; Wang and Wu, 2006) , non-equilibrium model (Červenka et al., 2009) , and Poisson-Nernst-Planck-Navier-Stokes model (Hrdlicka et al., 2011) .
ACEO flow has led to studying the characteristics of micropumps in fluid actuation, cooling of circuits, and drug delivery, as well as biochemical analysis. The relevant parameters in the actual device design play an important role in the micropumping effect of the AECO flow. Brown et al. (2000) experimentally studied the dependence of the pumping velocity on the frequency and voltage applied to a unit cell in an asymmetric electrode array. Ramos et al. (2003) numerically studied the optimum geometry of a pair of asymmetric electrodes used in Brown et al. (2000) . Studer et al. (2004) experimentally studied the dependence of EO flow induced by using asymmetric electrode arrays on ionic concentration, applied voltage, and frequency, in which an interesting reversal of the pumping direction at higher frequencies (50-100 kHz) was observed. Mortensen et al. (2005) and Olesen et al. (2006) conducted numerical simulations of electro-osmotic pumps to account for the experimentally relevant effects in the system such as the vertical confinement of the microchannel and Faradaic current injection. Gregersen et al. (2007) fabricated a robust lab-on-chip system with a large coverage fraction of the electrode array in the microfluidic channels to increase electro-osmotic micropumping measurement sensitivity. Snyder et al. (2013) fabricated electro-osmotic micropumps from porous nanocrystalline silicon membranes using Ag/AgCl electrodes and promoted the integration of microfluidic devices to a smaller magnitude. Wu et al. (2016) rectified the EO flow by using polymetic membranes with asymmetrical conical pores, and the effects of both the magnitude and frequency of voltage were investigated.
As mentioned previously, experimental studies to optimize the geometry of asymmetric electrodes on the micropumping effect of AECO flow are still lacking. On the other hand, discrepancies may exist between the numerical predictions and experimental results due to the approximations adopted in the numerical studies compared to the actual device design. In this research, the influences of the geometry of asymmetric electrode arrays on the induced ACEO flow in microchannels were experimentally studied, including the width of the electrodes, the gap between the electrodes, and the gap between the electrode pairs.
EXPERIMENTAL DESIGN AND MEASUREMENT METHODS
As a first step in the study, experiments were conducted on the ACEO flow in a microchannel induced by a single pair of asymmetric electrodes. As shown in Fig. 1 , a glass substrate was plated with four pairs of asymmetrical Au electrodes at the Institute for High Energy Physics, Chinese Academy of Sciences (CAS). The geometry of the asymmetric electrodes was designed as follows: 100/10 µm width with a 10 µm gap [ Fig (4)]. Then, a 5-cm-long polydimethylsiloxane (PDMS) microchannel was sealed over the electrodes with a rectangular 800 µm (width) × 500 µm (height) cross section. The influences of the width of the wide and narrow electrodes and the gap between the wide and narrow electrodes on the ACEO flow were studied.
In order to identify the actual pumping purposes induced by using asymmetric electrode arrays, the influences of the gap between the asymmetric electrode pairs in the array on the ACEO flow in the microchannel were also studied based on the optimized single pair of asymmetric electrodes. As shown in Fig. 2 , the glass substrates were plated with electrode arrays with different geometries at the Institute for High Energy Physics, CAS. Each electrode array consisted of three identical pairs of interdigitated asymmetric Au electrodes. The geometry of each asymmetric electrode pair was 100/10 µm width with a 20 µm gap. The gap between the asymmetric electrode pairs for different electrode arrays was designed as follows: 50 µm Fig. 2(E) ]. Then, a 5-cm-long PDMS microchannel was sealed over the electrodes with a rectangular 800 µm (width) × 500 µm (height) cross section.
FIG. 1:
The design drawing and the actual asymmetric electrode pairs used in the experiments with the following geometrical parameters: (1) 100/10 µm width with a 10 µm gap; (2) 100/10 µm width with a 20 µm gap; (3) 100/20 µm width with a 20 µm gap; (4) 100/30 µm width with a 20 µm gap.
FIG. 2:
The design drawing and the actual asymmetric electrode arrays used in the experiments with the gap between the asymmetric electrode pairs (the geometry of the asymmetric electrode pair is 100/10 µm width with a 20 µm gap): (A) 50 µm; (B) 100 µm; (C) 150 µm in one glass substrate; (D) 200 µm in one glass substrate; (E) 300 µm on another substrate (not shown here)
A signal generator (TGA1244; TTI, Cambridgeshire, United Kingdom) was used to generate an alternating sine current signal to power the electrodes in order to induce the AC electro-osmotic flow in the microchannel. The fluid flow was observed by using a microscope (XSP-22AY; Shanghai Optical Instrument Factory, Shanghai, China) placed vertically to the glass substrate and was recorded by using a charge-coupled device (CCD) (Mintron Company, Beijing, China) and a video capture card (MP400s; Gaochuang Company, Guangzhou, China). The CCD used in the experiments was 25 frames per second and the oscilloscope was a DS4014 (RIGOL Company, Beijing, China).
Electrolyte with KCl was used in the experiments, and the fluid conductivity was maintained at 10.01 µs/cm and measured by a conductivity meter (DDSJ-308F; Shanghai Electric Instrument Co., Ltd., Shanghai, China). Polystyrene pellets (L4655-1ML; SIGMA, St. Louis, United States), 1 µm in diameter, were seeded to trace the microflow. The volume ratio of the tracers to the fluid was 1:100. The motion of the flow tracers was recorded on video and then converted to images, thus the fluid velocity could be calculated by tracking the tracer motion. The motion of the tracers in the vicinity of the electrodes was tracked, and the average particle velocity was calculated.
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The uncertainty was given by the dispersion of the particles. The flow fields were obtained by using particle image velocimetry software (Microvec Pte. Ltd., Beijing, China). The tracer particles were assumed to move with the fluid due to the viscous friction of the fluid, rather than the electric force acting on the particles (as in dielectrophoresis) (Brown et al., 2000) .
EXPERIMENTAL RESULTS AND DISCUSSION
We first studied the influences of the width of the wide and narrow electrodes and the gap between the wide and narrow electrodes on the ACEO flow induced by the single pair of asymmetric electrodes. The fluid of conductivity (10.01 µs/cm) was initially motionless. The ambient temperature was 298 K. At the start of the experiment, the asymmetric electrode pair was powered by an alternating voltage of 2.5 V with different frequencies. Four pairs of asymmetric electrodes with the following geometrical parameters were investigated: (1) 100/10 µm width with a 10 µm gap; (2) 100/10 µm width with a 20 µm gap; (3) 100/20 µm width with a 20 µm gap; and (4) 100/30 µm width with a 20 µm gap. As an example, Fig. 3 shows a bird's eye view of the ACEO flow field induced by the asymmetric electrodes with 100/10 µm width and a 20 µm gap powered by an alternating voltage of 2.5 V at 800 Hz. We focused our observation through a scope (160 µm × 120 µm) in the vicinity to the left edge of the narrow electrode and at a height of about 35 µm above the electrodes, where tracer motion can be clearly tracked. The tracer tracking started at time t 0 when the AECO flow was stable. Figure 3 demonstrates that the flow velocities far away from the narrow electrode are relatively weak and random. With decreasing distance to the narrow electrode, the horizontal velocities become more intense and the flow becomes more unidirectional. In the vicinity of 30 µm to the left edge of the narrow electrode, the intensive net flow occurs perpendicular to the narrow electrode, indicating significant micropumping of the fluid from the narrow electrode to the wide electrode induced by the asymmetric electrodes. Twenty tracers were randomly selected in this region, and their averaged horizontal velocity was taken as an indictor of the pumping effect of a single asymmetric electrode pair. Figure 4 shows the averaged horizontal velocity as a function of the frequency of the applied AC voltage for asymmetric electrode pairs with different geometries. The error bar is the standard deviation of uncertainty. Generally speaking, with increasing frequency, the averaged horizontal velocity of the AECO flow rapidly increases to its maximum in the vicinity of 1000 Hz (shifts to 1600 Hz for geometry 4), and then decreases relatively slowly. As summarized in Table 1 , it can be seen that with the same gap between the wide and narrow electrodes, the pumping effect significantly increases with the decreasing width ratio of the wide and narrow electrodes. On the other hand, with the same width ratio of the wide and narrow electrodes, the pumping effect only slightly increases with the decreasing gap between the wide and narrow electrodes. Therefore, the asymmetry of the wide and narrow electrodes is crucial in the actual device design. In the experiments, by taking into consideration how easily the applied AC voltage damaged the asymmetric electrode pair for geometry 1 due to the small gap between the narrow and wide electrodes, the asymmetric electrode pair with geometry 2 (100/10 µm width with a 20 µm gap) was selected as the optimum one to use in the subsequent experiments.
In micropumping applications, AECO flow requires continuous pumping by the asymmetric electrode array. The gap between the asymmetric electrode pairs is another crucial factor in the actual device design. The influence Figure 6 shows the averaged horizontal velocity as a function of the gap between the adjacent electrode pairs in the array powered by an AC voltage of 2.5 V at 800 and 1000 Hz. It can be seen that the averaged horizontal velocity of the AECO flow decreases with the increasing gap between the adjacent electrode pairs. On the other hand, the pumping effect only slightly alters with the increasing frequency. Therefore, the optimized global pumping effect of the asymmetric electrode array can be achieved in the case of a narrow gap between the adjacent asymmetric electrode pairs. It should be noted that an interesting phenomenon occurred in the case of the 100 µm gap between the adjacent electrode pairs. As shown in Fig. 7 , tracer segregation occurs in the AECO flow in the vicinity to the right edge of the wide electrode region. The tracer segregation broke with its bulk movement into the central region of the gap between the adjacent electrode pairs, and some tracers reversed their flow direction. This phenomenon was not observed in the other geometries. A possible explanation is that the interaction of the multiple pairs of asymmetric electrodes became more intense with the decreasing gap between the adjacent electrode pairs. The interaction was weak when the gap was wide, as in the case of the 300 µm gap between the adjacent electrode pairs, and the flow field was similar to that of the single asymmetric electrode pair shown in Fig. 3 . When the gap decreased to a certain value, such as 100 µm in the present research, the convective vortices produced by two adjacent electrode pairs collided with each other,
FIG. 7:
Bird's eye view of the ACEO flow field induced by the asymmetric electrode array with a gap of 100 µm between the adjacent electrode pairs powered by an alternating voltage of 2.5 V at 800 Hz leading to the complicated local flow structure in the central region of the gap between the adjacent electrode pairs. However, the details of this interesting phenomenon require further experimental and numerical investigation.
CONCLUSIONS
In this research, the influence of the geometrical characteristics of asymmetric electrode arrays on the induced ACEO flow in microchannels was experimentally studied, including the width of the electrodes, the gap between the electrodes, and the gap between the electrode pairs. The experimental results showed that the asymmetry of the wide and narrow electrodes is a crucial factor in the actual device design. With the same gap between the wide and narrow electrodes, the pumping effect significantly increases with the decreasing width ratio of wide and narrow electrodes. On the other hand, with the same width ratio of the wide and narrow electrodes, the pumping effect only slightly increases with the decreasing gap between the wide and narrow electrodes. Moreover, the gap between the adjacent electrode pairs in the symmetric electrode array is another crucial factor in the actual device design. The global pumping effects of the AECO flow decrease with the increasing gap between the adjacent electrode pairs in the electrode array. Therefore, the optimized global pumping effect of the asymmetric electrode array can be achieved in the case of significant asymmetry of the wide and narrow electrodes in the electrode pair and the narrow gap between the adjacent electrode pairs in the electrode array. Moreover, an interesting phenomenon of tracer segregation and reversal flow in the gap between the adjacent electrode pairs in the electrode array occurred in the case of the 100 µm gap between the adjacent electrode pairs.
